Cystic fibrosis (CF; MIM# 219700) is the most frequent severe autosomic recessive disorder in the European population. 1 Indeed, CF affects about 1 in 2500 births, and approximately 1 in 25 individuals are heterozygotes, with marked regional variations. 2 CF is caused by mutations of the cystic fibrosis transmembrane conductance regulator (CFTR or ABCC7; MIM# 602421) gene, which is also involved in a broad spectrum of phenotypes including male infertility, due to congenital bilateral absence of the vas deferens, 3-4 disseminated bronchiectasis, [5] [6] and chronic pancreatitis. [7] [8] The mutational spectrum of the disease is made up of more than 1600 different mutations, 98% of which consists of point mutations or microdeletions/insertions. 9 A number of cases, however, still remain uncharacterized, even after extensive sequence of whole coding region.
Sequence analysis of the CFTR gene frequently identifies exon/intron sequence variations whose association with the disease phenotype is unclear. In fact, the pathological effects of apparently benign polymorphisms, such as codon third position variations, or nucleotide change/ deletion in the intronic noncanonical splicing regulatory elements, are difficult to assess.
In this study, we describe the effect on the splicing efficiency of the 2811GϾT [Gly-Gly] synonymous mutation found in an Italian patient affected by a mild form of CF.
Materials and Methods

Patient
The patient is a 31-year-old woman of Italian descent. The clinical features are typical of a mild phenotype including pancreatic sufficiency, hyponatremia, hypochloremia, metabolic alkalosis, positive sweat test, and mild pulmonary involvement.
DNA Analysis
The patient's genomic DNA was extracted from 5 ml of peripheral blood, according to standard procedure. Informed consent was obtained before collecting the patient's sample. Screening of the most frequent CF mutaSupported by grants from the Italian Cystic Fibrosis Research Foundation adopted by Silvana Ratti, Pesaro, Italy.
Accepted for publication November 17, 2009. tions was performed by INNO-LiPA CFTR 19, CFTR 17ϩTn update, and CFTR Italian Regional kits (Innogenetics, Gent, Belgium), providing a multiparameter screening for 57 CFTR gene mutations.
Sequence analysis of all 27 exons and their flanking regions was performed according to the dideoxy-chain termination method of Sanger using the Big-Dye Termination cycle sequencing kit (Applied Biosystems, Foster City, CA). Sequencing reactions were run on ABI PRISM 3130XL (Applera).
Multiplex ligation-dependent probe amplification analysis of all 27 CFTR exons was performed to detect large rearrangements (MLPA CFTR kit, MRC-Holland, the Netherlands).
RNA Analysis
Using a cytobrush, nasal epithelial cells were collected from the patient and two non-CF control subjects. RNA was extracted using TRIzol LS (Life Technologies, Carlsbad, CA). cDNA synthesis was performed with the High Capacity cDNA Archive kit (Applied Biosystems) according to the manufacturer's instructions. The cDNA was amplified in six overlapping fragments as previously described. 10 PCR products were electrophoresed on a 2% agarose gel.
As the patient's parents were not available, to define the phase of the W1282X and 2811 GϾT mutations, extra-long PCR was performed in patient's cDNA using GeneAmp XL PCR kit (Applera), according to the manufacturer's instructions.
Extra-long PCR was performed using exon 14a forward 5Ј-GTGCTTAGTAATTTTTCTGGCAGAG-3Ј and exon 21 reverse 5Ј-TTTCCATATTTCTTGATCA-3Ј primers. PCR products were electrophoresed on a 0.8% agarose gel and sequenced as above described.
Results
After an extensive second level molecular screening (ie, direct sequencing for searching of point mutations and multiplex ligation-dependent probe amplification for detection of large rearrangements) was performed at the DNA level on 441 unrelated Italian CF patients, we selected one patient in which we detected the W1282X mutation and the synonymous mutation 2811 GϾT. The first is a severe nonsense mutation localized on exon 20 (3978 GϾT), the second is a synonymous mutation [Gly893Gly] localized on exon 15, reported by Bonizzato (unpublished data, 2006), as sequence variation with unknown functional consequences (http://www. genet.sickkids.on.ca/cftr) (Figure 1, AϪC) .
To define the effect at transcript level of the 2811GϾT mutation, we performed RNA studies on the selected patient.
In the patient's cDNA, agarose gel electrophoresis of PCR product spanning exons 13 to 17 showed 714-and 484-base pair (bp) fragments (Figure 2A ). Sequence analysis showed that the 714-bp fragment contained all five exons correctly spliced, while the 484-bp fragment lacked 230 nucleotides of exon 15 ( Figure 2B ) from nucleotide 2810 to nucleotide 3040. The same PCR procedure performed on cDNA of three non-CF control subjects produced only the normal 714-bp fragment, as expected. At DNA level, the 2811 GϾT mutation creates a new 5Ј splice site inside exon 15 causing a transcript lacking 76 amino acid residues. CFTR mRNA sequence analysis showed that, although this aberrant splicing caused a shorter exon 15, the downstream exonic sequence from exon 16 to the end of the open reading frame was in frame ( Figure 2C ).
As patient's parents were not available, we performed, in patient's cDNA, extra-long PCR spanning exons 14b-21 in order to define the phase of the 2811GϾT and W1282X mutations.
Agarose gel electrophoresis of PCR products showed two fragments of 1124 and 839 base pairs. Sequence analysis showed the presence of the W1282X mutation in the 1124-bp fragments. On the other hand, sequence analysis of the 839-bp fragment showed that exon 15 lacked 230 nucleotides. These results indicate that the 2811GϾT and W1282X mutations are in trans. Molecular analysis of CFTR exon 15 performed in the remaining 440 CF patients did not show the 2811 GϾT mutation. Furthermore, it was not found among the 266 control (non-CF) samples from the Italian population.
At the protein level, the 2811GϾT mutation should remove part of the IV extracellular loop containing two glycosylated sites, transmembrane segment 8 in the second membrane spanning domain, and part of the third cytoplasmic loop.
There are some reports concerning the involvement of the CFTR membrane-spanning domains to the pore ion channel. In particular, the arginine 347 in transmembrane segment 6 of first membrane-spanning domain forms a salt bridge with asparagine 924 in transmembrane segment 8 of the second membrane-spanning domain. The salt bridge helps to stabilize the architecture of the pore to allow for ion conductance. 11 Consequently, the protein produced by the 2811GϾT mutation probably modify the structure and the regulation of the chloride (Cl Ϫ ) channel.
Discussion
In this paper, we describe the effect on the splicing process of the synonymous variant 2811 18 -20 genes, and in some viral systems such as HIV-1. 21 Nonsense, missense, and even synonymous mutations can induce aberrant skipping of the mutant exon producing nonfunctional proteins.
In clinical diagnosis, synonymous variations have been routinely classified as innocuous polymorphisms and are assumed to be functionally neutral. A well-known exception regards synonymous changes that directly affect the splice sites, such as those that create a consensus splice site inside the exon 22, 23 or occur in the last nucleotide of the exon thereby resulting in exon skipping. 24 For this reason CFTR mRNA analysis represents a good tool for the identification of unknown molecular defects of the CFTR gene and may allow to define the pathogenic role of sequence variations not yet characterized and splicing defects causing alternative products. 10, 25 However, since patients' RNA is not always available, evaluation of the role of sequence variations through dedicated bioinformatics tools may be useful.
This study indicates again that apparently neutral polymorphism, which may be erroneously classified as nonpathogenic, may indeed led to aberrant splicing thereby resulting in defective protein. These molecular mechanisms affecting the function of a protein are quite common considering that about one quarter of the synonymous changes studied in CFTR exon 9 18 and CFTR exon 12 26 produce a splicing defect.
The growing interest on the potential effects of singlenucleotide changes in coding and noncoding regions on the extent and accuracy of pre-mRNA splicing is expected to have a significant impact on the diagnosis and treatment of genetic diseases. The correct classification of mutations is essential to understand structureϪfunction relationship in the corresponding protein, to assess the prognosis in CF patients, and to devise new therapies.
